Data from the Eastern Pacific Investigation of Climate Studies (EPIC) mooring array are used to evaluate the annual cycle of surface cloud forcing in the far eastern Pacific stratus cloud deck/cold tongue/ intertropical convergence zone complex. Data include downwelling surface solar and longwave radiation from 10 EPIC-enhanced Tropical Atmosphere Ocean (TAO) moorings from 8°S, 95°W to 12°N, 95°W, and the Woods Hole Improved Meteorology (IMET) mooring in the stratus cloud deck region at 20°S, 85°W. Surface cloud forcing is defined as the observed downwelling radiation at the surface minus the clear-sky value. Solar cloud forcing and longwave cloud forcing are anticorrelated at all latitudes from 12°N to 20°S: clouds tended to reduce the downward solar radiation and to a lesser extent increase the downward longwave radiation at the surface. The relative amount of solar radiation reduction and longwave increase depends upon cloud type and varies with latitude. A statistical relationship between solar and longwave surface cloud forcing is developed for rainy and dry periods and for the full record length in six latitudinal regions: northeast tropical warm pool, ITCZ, frontal zone, cold tongue, southern, and stratus deck regions. The buoy cloud forcing observations and empirical relations are compared with the International Satellite Cloud Climatology Project (ISCCP) radiative flux data (FD) dataset and are used as benchmarks to evaluate surface cloud forcing in the NCEP Reanalysis 2 (NCEP2) and 40-yr ECMWF Re-Analysis (ERA-40). ERA-40 and NCEP2 cloud forcing (both solar and longwave) showed large discrepancies with observations, being too large in the ITCZ and equatorial regions and too weak under the stratus deck at 20°S and north to the equator during the cool season from July to December. In particular the NCEP2 cloud forcing at the equator was nearly identical to the ITCZ region and thus had significantly larger solar cloud forcing and smaller longwave cloud forcing than observed. The net result of the solar and longwave cloud forcing deviations is that there is too little radiative warming in the ITCZ and southward to 8°S during the warm season and too much radiative warming under the stratus deck at 20°S and northward to the equator during the cold season.
Introduction
Clouds have both a cooling and warming effect on the earth's surface. Because clouds reflect solar radiation back to space, shortwave (solar) cloud forcing acts as a cooling effect, a reduction in the solar radiation that warms the earth's surface. But clouds also have a warming effect through their emission of longwave infrared (terrestrial) radiation, thereby increasing downwelling longwave radiation at the earth's surface. The relative amount of surface warming and cooling by clouds (i.e., relative amount of longwave and shortwave surface cloud forcing) depends upon many factors including cloud-base height, cloud thickness, background moisture, and aerosol distributions. It is thus not surprising that models have difficulties obtaining realistic radiative properties (Cess et al. 1989 (Cess et al. , 1990 (Cess et al. , 1996 Weare 1997; Siebesma et al. 2004.) . Indeed, both the Intergovernmental Panel on Climate Change (IPCC) second and third assessment reports state that "the single largest uncertainty in determining the climate sensitivity to either natural or anthropogenic changes are clouds and their effects on radiation and their role in the hydrological cycle" (Kattenberg et al. 1996, p. 345; Moore et al. 2001, p. 776) . Both assessments call for comparisons of model simulations with observations.
In this analysis we use surface shortwave and longwave cloud forcing measurements from 11 moorings in the far eastern tropical Pacific to provide benchmarks for satellite, numerical weather prediction models, and atmospheric climate models. The eastern tropical Pacific near the Pan-American landmass is characterized by a complicated meridional cloud structure, with a persistent stratus deck shading the cool Southern Hemisphere waters and deep convection in the intertropical convergence zone (ITCZ) over the warm surface waters north of the equator. Along the equator, upwelling causes a "cold tongue" of water to extend westward from the coast, with a sharp sea surface temperature (SST) front on its northern flank. Because the planetary boundary layer (PBL) tends to be capped by a strong temperature inversion over the cold tongue and to be destabilized over the warm water, the SST front tends to induce a front in the cloud structure (Hashizume et al. 2002; Chelton et al. 2001; Xie et al. 1998; deSzoeke et al. 2005) .
The stratus deck/cold tongue/ITCZ complex has a strong seasonal cycle, as illustrated by Fig. 1 : When the trade winds weaken during January-March, the cold tongue recedes and a double ITCZ straddling the equator often forms (Lietzke et al. 2001; Zhang 2001) . These changes have substantial impacts on fractional cloud cover and type. The eastern tropical Pacific also experiences significant interannual variability, especially in association with El Niño-Southern Oscillation (ENSO). During El Niño warm events, deep convection can occur near the equator and the meridional asymmetry of the cloud structure is weakened (Wallace et al. 1998) .
General circulation models (GCMs), although steadily improving, are not able to reproduce much of this structure and variability. Common problems include a warm SST bias in the stratocumulus region, a cool SST bias in the equatorial cold tongue, and a persistent double ITCZ (Mechoso et al. 1995; Lau et al. 1996; Latif et al. 2001; Davey et al. 2002 suspected of causing many of these biases. In particular, Philander et al. (1996) found that the eastern Pacific ITCZs were sensitive to the parameterization of lowlevel stratus clouds in the coupled GCM. In a concerted effort to improve these GCMs, a 5-yr experiment, the Eastern Pacific Investigation of Climate Studies (EPIC), was initiated in 1999. As part of enhanced monitoring for EPIC, 11 surface moorings in the far eastern tropical Pacific were equipped with a suite of instrumentation, including shortwave and longwave radiometers. Although some of the moorings suffered losses from fishing-related vandalism, nearly four years of solar and longwave cloud forcing measurements were obtained.
In this paper we use data from the EPIC mooring array to analyze the structure and variability of surface cloud forcing in the eastern tropical Pacific. These in situ radiation fields are compared to the more traditional benchmark radiation dataset from the International Satellite Cloud Climatology Project (ISCCP) and to radiation fields from commonly used numerical weather prediction (NWP) reanalyses, namely the 40-yr European Centre for Medium-Range Weather Forecasting (ECMWF) Re-Analysis (ERA-40) and the National Centers for Environmental Prediction Reanalysis 2 (NCEP2). Discrepancies in the cloud forcing fields from benchmark datasets are analyzed using the corresponding total cloud cover and precipitation fields to identify the prevalence of precipitating and nonprecipitating clouds and the radiative properties of precipitating and nonprecipitating clouds.
Methodology and data
Cloud forcing at the surface, CFR x , is defined here as the difference between the observed downwelling radiation R x and the downwelling radiation at the surface expected under clear skies (skies with no clouds), R x0 :
where the subscript x refers to either the l longwave or s shortwave components. In this section, we describe data sources for surface solar and longwave cloud forcing evaluated from moored buoys, and cloud forcing and total cloud amount fields from ERA-40, NCEP2, and ISCCP. Likewise, we describe the precipitation fields from ERA-40, NCEP2, and the Tropical Rainfall Measuring Mission (TRMM) that are used to identify precipitating and nonprecipitating periods.
a. EPIC data
EPIC moorings used in this analysis include the enhanced Tropical Atmosphere Ocean (TAO) moorings   along 95°W (at 8°S, 5°S, 2°S, 0°, 2°N, 3.5°N, 5°N, 8°N,  10°N, 12°N ) and the Woods Hole Improved Meteorology (IMET) mooring in the stratus deck region at 20°S, 85°W (Fig. 1 ). Both mooring types have similar suites of surface instrumentation (Hosom et al. 1995; McPhaden et al. 1998; Payne et al. 2002; Cronin et al. 2002) including solar and longwave radiation (the primary variables in this analysis), wind speed and direction, air temperature, relative humidity, barometric pressure, rain rate, and sea surface temperature.
Both TAO and IMET systems used Eppley Laboratories, Inc., Precision Spectral Pyranometers (PSPs) to monitor downwelling shortwave radiation and the Precision Infrared Radiometers (PIRs) to monitor downwelling longwave radiation. Although the IMET and TAO systems each had slightly different mounting, electronic designs, and calibration procedures (Payne et al. 2002) , both PIR systems computed downwelling longwave radiation from thermopile voltage, dome temperature, and casing temperature measurements (Fairall et al. 1998) . TAO radiometers sampled at 1 Hz from which 2-min averages were computed. IMET radiometers sampled at 5-s intervals from which 1-min averages were computed. Both sets of PSP and PIR radiometers have root-mean-square errors less than approximately 10 W m Ϫ2 based upon manufacture specification, analyses of pre-and postcalibrations, and shipbuoy and shore-based side-by-side comparisons (Payne and Anderson 1999; Payne et al. 2002) . For the PIR, the largest sources of error were calibration drift and temperature gradients in the casing. For the PSP, the largest sources of error were calibration uncertainties and mean and time-varying tilts in the mast. Owing to fishing-related vandalism, several 95°W TAO moorings were recovered with bent radiometer masts. Tilted masts can produce relatively large error in the daily averaged solar radiation magnitude on clear days when the angle is directed in the meridional plane (Katsaros and DeVault 1986; Medovaya et al. 2002) . TAO buoys, however, are expected to vary in their orientation, and thus monthly averaging will tend to reduce errors caused by a bent mast. Records with a sudden drop in magnitude that were recovered damaged or were not recovered are not included in the analysis. Hourly averages of surface IMET data and daily averages of all TAO data were telemetered to shore in near real time via Service Argos. High-resolution TAO data are available only after the mooring is recovered. Because the 95°W TAO moorings suffered substantial losses due to fishing-related vandalism, telemetered daily-averaged data are used when high-resolution data were not available. Use of daily-averaged data during these periods has minimal effect on the monthly averaged cloud forcing estimates.
The 20°S, 85°W site has been occupied by a Woods Hole Oceanography Institute IMET mooring since October 2000. A research ship visits the site each year around October to recover and redeploy a fresh system and perform at-sea comparisons within 0.5 km of the buoy. Solar radiometers were first deployed on the ten EPIC-enhanced TAO 95°W moorings in November 1999; longwave radiometers were deployed 6 months later in April 2000. Final recovery of the TAO EPIC enhancements was in November 2003 although, because of data losses, the analysis here ends in August 2003. TAO moorings were visited by a NOAA ship (either Ron Brown or Ka'imimoana) at 6-month intervals to perform repairs and necessary recoveries and deployments. These cruises were also opportunities for boundary layer measurements, which were used to help develop the clear-sky models (Hare et al. 2005) .
To estimate surface cloud forcing, the expected clearsky radiation is subtracted from the observed "full sky" radiation (1). 
1) CLEAR-SKY SOLAR RADIATION
Clear-sky solar radiation at the top of the atmosphere can be determined based on solar constant (set as 1367 W m Ϫ2 (Lean 1997) ) and calculations of the zenith angle. Between the top of the atmosphere and the surface, clear-sky solar radiation is reduced by transmission properties of the atmosphere, which Iqbal (1988) parameterizes in terms of integrated water vapor, aerosol optical thickness within different wavelength bands, and the ozone-layer optical thickness. Since we have only surface values, we further parameterize the integrated water vapor (IV) in terms of the surface specific humidity measurements (IV ϭ bq a ), where the seasonally and latitudinal varying scale value b is determined from the seasonal cycle of IV/q a as estimated from ERA-40. For 95°W sites, biannually varying aerosol optical thicknesses are used (0.04 for bands 1 and 2 during the spring; 0.001 for bands 1 and 2 during the fall); while for the 20°S, 85°W site, mean aerosol optical thicknesses are used (0.03 for bands 1 and 2). At all 11 sites, a mean ozone optical thickness of 0.2 is used. For more detail, see Hare et al. (2005) .
To remove any bias from the clear-sky estimates, the clear-sky model was compared to the high-resolution buoy radiation observations on very clear days. Following Medovaya et al. (2002) , daytime values (when expected solar radiation was higher than 500 W m Ϫ2 ) were deemed clear if the magnitude of the observed solar radiation time rate of change never exceeded the expected slope by more than 50% and the observed solar radiation was never below 94% of the expected clear-sky value. At 8°S, 5°S, 2°N, and 3.5°N; 95°W these criteria were never met. In all, 58 days met the criteria, producing a mean bias of 6 W m Ϫ2 that was removed from the 95°W sites. For the stratus site at 20°S, 85°W an additional criterion that the longwave cloud forcing be less than 25 W m Ϫ2 was applied. Based upon 5 days meeting the clear-sky criteria a mean bias of 5 W m Ϫ2 was removed from the 20°S, 85°W modeled solar clearsky time series. With the mean bias removed, the rootmean-square error in the solar clear-sky is estimated to be Ϯ7 W m Ϫ2 .
2) CLEAR-SKY LONGWAVE RADIATION
Clear-sky longwave [or far infrared (IR)] radiation can be modeled as
where T a is the air temperature in units kelvin, is the Stefan-Boltz constant, and e0 is the effective emissivity for clear skies, parameterized in terms of the surface specific humidity q a , integrated water vapor IV, and latitude y according to Hare et al. (2005) :
where A ϭ 0.50 ϩ 0.13 60 abs͑y͒ ; B ϭ 0.091 Ϫ 0.03 60 abs͑y͒.
The 3.5 W m Ϫ2 bias removed from the clear-sky computation in (2) accounts for the lower height of sensors on buoys relative to that on ships. As described in the previous subsection, integrated water vapor (IV) is estimated from specific humidity and a scale value from ERA-40. As with the solar clear-sky model, a bias in the modeled clear-sky longwave was computed and removed based upon the observed solar radiation criteria described above. In contrast to the solar clear-sky bias calculation where the criteria must be satisfied for the full day, partial days were acceptable for computing the longwave bias. In this way, a mean bias of 2 W m Ϫ2 was removed from the 95°W longwave clear-sky estimates, and a mean bias of -5 W m Ϫ2 was removed from the 20°S, 85°W estimate. Based on the in situ comparison with radiation on clear days and the comparisons with shipboard measurements, the error in the model clearsky IR is estimated to be Ϯ6 W m Ϫ2 .
3) IMPLICATIONS FOR ACCURACY OF BUOY CLOUD FORCING ESTIMATES
Using radiometers, which have an error of slightly less than 10 W m Ϫ2 , and using the modeled clear-sky radiation, whose error is 7 W m Ϫ2 for solar and 6 W m Ϫ2 for longwave, results in expected uncertainties of 12-17 W m Ϫ2 for solar cloud forcing and 11-15 W m
Ϫ2
for longwave cloud forcing.
b. ISCCP
ISCCP downwelling surface shortwave and longwave cloud forcing monthly radiative flux data (FD) were also evaluated (Zhang et al. 1995; Rossow and Schiffer 1999) . The fluxes are computed using an updated radiative transfer model from the Goddard Institute for Space Studies (GISS) GCM and a collection of physical cloud and surface properties based on ISCCP data, including daily atmospheric profiles of temperature and humidity NOAA Television Infrared Observation Satellites (TIROS) operational vertical sounder, daily ozone abundance (total ozone mapping spectrometer), and various climatologies. The parameters considered here include clear-sky and full-sky shortwave and longwave radiative fluxes at the surface and total cloud cover. ISCCP results are on a 3-h and 280-km-squared grid (equal-area map equivalent to 2.5°latitude-longitude at the equator) from which monthly averages are computed and downloaded. ISCCP data are available only through June 2001.
c. NCEP2 reanalysis
The NCEP-Department of Energy (DOE) Atmospheric Model Intercomparison Project II (AMIP-II) Reanalysis (NCEP2) is a follow-on to the NCEPNational Center for Atmospheric Research (NCAR) Reanalysis (NCEP1) project (Kanamitsu et al. 2002) . NCEP2 uses an updated forecast model, updated data assimilation system, improved diagnostic outputs, and fixes for the known processing problems of NCEP1. NCEP2 monthly averaged fields are on an ϳ1.9°grid and extend through August 2003. Parameters considered here include the surface downwelling solar and longwave radiation fields, surface downwelling clearsky fields, precipitation, and total cloud cover. Cloud forcing is computed from (1).
d. ERA-40
ERA-40 is a follow-on to the 15-yr ERA (ERA-15) project (Simmons and Gibson 2000) . ERA-40 uses a finer resolution of the planetary boundary layer and an improved variational data assimilation system with a refined numerical model and assimilates a wider range of satellite data. In particular, ERA-40 includes reanalysis of scatterometer winds, special sensor microwave imager (SSM/I) radiance, ozone products and high-resolution infrared spectrometer ozone channel radiance. Monthly averaged ERA-40 fields are on a 2.5°grid and extend through July 2002. Parameters considered here include the surface downwelling solar and longwave radiation fields, surface downwelling clearsky fields, stratiform and convective precipitation rates, and total cloud cover. Cloud forcing is computed from (1) and the net precipitation rate was computed as the sum of the stratiform and convective rain rates.
e. TRMM rainfall
Regions with precipitation have different cloud populations than those without and, hence, would be expected to also have different cloud forcing. To discriminate between these two situations we use monthly rain rates and their error estimates from the level-3 (3B-43) TRMM product. The 3B-43 algorithm uses TRMM and other sources, namely TRMM, geosynchronous IR, and rain gauges to produce the "best" precipitation estimate in the TRMM region. The monthly averaged rain rates and error estimates are on FIG. 3 . Same as in Fig. 2 but for monthly averaged longwave radiation incident on the surface. a 1°grid. In our analysis we identify significant rainfall as rain rates larger than the provided rms error estimate. Likewise, if the TRMM rain rate was less than the provided error estimate, then the month was deemed dry to within error estimate.
Results

a. Surface downwelling radiation time series
Despite the fact that the sun is directly overhead twice per year, incident solar (Fig. 2) and longwave (Fig. 3 ) radiation both show strong annual cycles due to the presence of clouds. While the NWP radiation fields also show a strong annual cycle, the magnitude and latitudinal structure differ from the satellite and buoy benchmark datasets. In particular, both NWP-based analyses have too little incident solar radiation on and north of the equator and too much solar radiation and too little longwave radiation incident in the stratus deck region at 20°S, 85°W. In the following subsections, we will analyze these discrepancies in terms of cloud effects and background clear-sky radiative effects.
b. Surface cloud forcing time series
Solar cloud forcing (Fig. 4) and longwave cloud forcing (Fig. 5 ) evaluated from the four sources (buoy, ISCCP, NCEP2, and ERA-40) show qualitatively similar features. As expected, deep convection associated with the ITCZ results in large solar cloud forcing (reduction in downwelling solar radiation) with a strong seasonal cycle. In particular, the shadowing effect of the deep convection has a seasonal migration similar to the ITCZ (Mitchell and Wallace 1992) , with a blanket of large solar cloud forcing over nearly all Northern Hemisphere sites during June-October and then maximum solar cloud forcing migrating equatorward during October-January. All fields show large solar cloud forcing between 4°S and 8°S in March, consistent with formation of a short-lived Southern Hemisphere ITCZ.
The greatest solar cloud forcing extends from about 10°N to 2°N (from the deep convection of the ITCZ to the SST front). In contrast, the greatest longwave cloud forcing is found in the Southern Hemisphere, with maximum values found at 20°S during the latter half of the year when a stratus cloud deck often extends to the equator (Klein and Hartmann 1993) . Periods of relatively clear skies (e.g., January-March north of 5°N, and near the equator) are seen in both solar and longwave cloud forcing (as near zero). Weakly negative longwave cloud forcing values are nonphysical and represent errors in the buoy estimates. While the four sets (buoy, ISCCP, NCEP2, and ERA-40) have many similarities, there are also some notable differences, which are apparent when the buoy cloud forcing is differenced from each of the other three products. In the comparisons shown in Figs. 6-8, the nonbuoy fields are interpolated to the buoy sites, and the annual cycle is computed from the difference field. Although ISCCP and buoy cloud forcing have the best agreement, solar cloud forcing is weaker in the ISCCP field than the buoy field, with an overall mean difference of 12 W m Ϫ2 along 95°W. Both NWP fields show too much solar cloud forcing relative to the buoys in the ITCZ region and near the equator during the warm season from December through July. In particular, NCEP2 solar cloud forcing had discrepancies of more than Ϫ100 W m Ϫ2 in the equatorial region from December through April, consistent with a tendency for this analysis to include too much deep convection on the equator during the warm season (Fig. 9) . Although ERA-40 solar cloud forcing exhibits smaller errors than NCEP2, ERA-40 has relatively large errors (more than 60 W m deviations in the ITCZ region and during the warm season (January-June) at and south of the equator, and negative deviations in the stratus region at 20°S and extending north to 4°N during the cold season (AugustDecember). Part of the positive deviations during January-June are likely due to the weakly negative buoy values, which are nonphysical and within the error estimates of the buoy measurements. In contrast, the negative deviations during the latter half of the year imply that the buoys observed more longwave radiation emitted from the clouds. This is consistent with lowlevel cloud coverage being underestimated in the NWP fields during July-December.
The results shown here are consistent with the discrepancies in total cloud cover shown in Fig. 9 : Too much cloud cover results in too much cloud forcing in the ITCZ region and during the warm season south to 8°S (Figs. 6-7) , while too thin cloud cover results in too little cloud forcing under the stratus cloud deck at 20°S and during the cold season north to the equator. These comparisons show that solar cloud forcing dominates the total cloud forcing and that its error dominates the bias. Consequently, the net result of the solar and longwave cloud forcing discrepancies is that these NWP products have too little radiative warming in the ITCZ and southward to 8°S during the warm season and too much radiative warming in the stratus deck region at 20°S and northward to the equator during the cold season (Fig. 8) .
c. Radiative properties of precipitating and nonprecipitating clouds
Because emission of longwave radiation by clouds is strongly dependent on temperature, different cloud types have a different ratio of solar to longwave cloud forcing. The subcloud water vapor concentrations also affect IR flux more than solar flux; thus, conditions with similar cloud base heights may have different longwave (IR) forcing. More humid boundary layers will tend to have lower IR cloud forcing (Stephens and Webster 1981) . Thus, to diagnose the radiative properties across the stratus deck/cold tongue/ITCZ complex, the ratio of the longwave to solar cloud forcing (CFR l /CFR s ) is computed for six different regions. These regions are as follows: stratus deck (ϳ20°S, 85°W), southern (9°S-3.5°S), cold tongue (3.5°S-1°N), frontal (1°N-6.5°N), ITCZ (6.5°N-11°N), and northeast Pacific warm pool (11°N-13°N) .
In the previous section, fields were presented as contoured plots and pixel time series. Because data gaps were not filled through interpolation, sites with gaps in adjacent sites could not be contoured. In contrast, in scatterplots, all data can be shown. In Figs. 10 and 11 , scatterplots of CFR l versus CFR s for each region are shown for months when the region had significant rainfall and months when the region had no significant monthly averaged rain as determined by the TRMM rainfall product for the buoy and ISCCP satellite fields and by the corresponding precipitation field for the NWP fields. For the TRMM rainfall, significance was determined based upon the error level provided by the TRMM product. Along 95°W from 8°S to 12°N, the mean error was 1.68 mm day
Ϫ1
; at 20°S, 85°W, the mean error was 0.48 mm day
. These values were used as significance levels for the NWP precipitation. None of the rain products had significant rainfall at 20°S, 85°W.
As shown in Figs. 10 and 11, the slope of longwave to solar cloud forcing is closest to -1 in the cold tongue, southern, and stratus deck regions under nonprecipitating conditions. Note that a value of -1 implies that IR and solar cloud forcing cancel and there is no net effect of clouds on the surface energy budget. This, however, was never observed. At the surface, longwave cloud forcing is always less than the solar cloud forcing for all regions in this study. The flattest slopes (indicating clouds that have a marginal effect on downwelling longwave radiation but are relatively opaque to solar radiation) were in the ITCZ region under significant rainfall. Both the warm pool and ITCZ regions have extremely large ranges in monthly averaged solar cloud forcing (ϳ157-165 W m
Ϫ2
). In contrast, the range of longwave cloud forcing in the ITCZ was about half that found elsewhere. The most dramatic discrepancy is in the cold tongue region, where NCEP2 clouds have ITCZ-type radiative properties rather than Southern Hemisphere stratus deck (closer to -1) properties. To provide a benchmark for models, the slope and intercept of the least squares straight line fit to the buoy CFR l to CFR s scatter is shown in Tables 1 and 2 for precipitating and nonprecipitating conditions, and for all cloud types in each region in Fig. 12 and Table 3 . Overall, the cold tongue region has the most well defined CFR l to CFR s seasonal cycle relation, while the warm pool region has the most scatter (Table 3) .
d. Clear-sky background radiation
The relative effectiveness of clouds to emit longwave radiation and transmit solar radiation depends not only on the cloud properties, but also upon the background emission and transmission properties of the lower troposphere. For example, longwave cloud forcing tends to be weaker in a moist region than in a dry region, all else being the same. Because cloud forcing depends upon a modeled estimate of the expected radiation under clear skies, errors in the modeled clear-sky radiation could bias the solar and longwave cloud forcing estimates. As shown in Figs. 13 and 14 , in addition to a mean bias, deviations in the solar clear-sky radiation at all sites and IR clear-sky radiation south of 2°N have a seasonal cycle with a 10 W m Ϫ2 amplitude. Mean deviations in solar clear-sky radiation were largest at 20°S, while mean deviations for longwave clear-sky radiation were largest at and north of the ITCZ. It is uncertain if the solar and longwave clear-sky radiation are modeled better in the buoy or nonbuoy fields. The important point, however, is that clear-sky discrepancies are small when compared to the differences of 20-100 W m Ϫ2 between the buoy and NWP solar cloud forcing. Hence, outside of the stratus deck region, the principal sources of the error in the NWP surface cloud forcing and incident radiation appear to be specification of cloud type and coverage and location of the ITCZ.
Discussion and conclusions
In the far eastern tropical Pacific, a stratus cloud deck forms over the cool surface water near Peru and Chile and deep convection associated with the ITCZ forms over the warm surface waters north of the equator. Clouds have both a cooling effect on the ocean surface due to the reduction in solar radiation and a warming effect due to the emission of longwave infrared radia- tion. The net effect of the clouds on the surface radiation depends upon many factors including cloud base height, cloud thickness, coverage, background moisture, and aerosol loading. While cloud types defined by low, middle, and high values of cloud optical thickness versus cloud-top pressure provide a useful tool for relating cloud type to cloud forcing properties at the top of the atmosphere (e.g., Chen et al. 2000) , the cloud forcing properties at the surface are less understood and more difficult to observe.
As ; TCC is unitless and scales from 0 (no clouds) to 1 (full cloud coverage).
11 buoys in the far eastern Pacific were equipped with a suite of sensors from which surface solar and longwave cloud forcing could be computed. In this study, we use this buoy data to analyze the meridional structure and seasonal cycle of the cloud forcing in the stratus deck region at 85°W, 20°S and across the stratocumulus, cold tongue, ITCZ complex along 95°W from 8°S to 12°N.
Buoy measurements in this region show both large reduction of solar radiation by the stratus cloud deck and a relatively large enhancement of longwave radiation. The net effect of the stratus clouds, however, is a reduction in the incoming radiation. Indeed, at all sites in the EPIC region solar cloud forcing was larger in magnitude than the longwave cloud forcing. In contrast to . Consequently, in the ITCZ region clouds had a very large impact on the net radiation. Over the cold tongue region, particularly during the warm season, there were many periods of clear sky when the cloud forcing was near zero.
The buoy cloud forcing fields were compared to three of the most commonly used global atmospheric products: satellite-based ISCCP fields, NCEP2 reanalysis, and 40-yr ECMWF Re-Analysis (ERA-40) fields. The latter two products combine NWP models and observations and therefore tend to have good realism on weather time scales. While reanalysis products are often treated as data, the radiation fields therein are not well constrained by data. If realistic surface radiation fields are sought, satellite fields should be used in lieu of NWP fields. However, in this case, one must question the validity of the other modeled fields. Incorrect cloud forcing is indicative of incorrect global energy balance. This is particularly true in the ITCZ region that acts as the rising branch of the Hadley cell. If, as was found in this study, the cloud forcing biases are not offset by biases in the clear-sky radiation, then these biases in the cloud forcing also represent biases in the net surface heat flux on the ocean module of the coupled NWP models. Thus, biases in the cloud forcing fields may have large impact on other aspects of the numerical weather prediction products. For this reason, a quantitative assessment of the NWP cloud forcing is justified.
Both NWP fields show too much solar cloud forcing (implying a cold bias) in the ITCZ region and near the equator during the warm season from December through July (Fig. 6) . Because NCEP2 forms precipitating clouds with ITCZ-like radiative properties on the equator during the warm season (February-April), Figs. 10-11, the NCEP2 solar cloud forcing bias is particularly large (more than -100 W m Ϫ2 ) there when the cold tongue normally weakens. If used as boundary conditions for an OGCM, the NCEP2 solar cloud forcing would result in a cold SST bias. For example, the NCEP2 solar forcing error of over -100 W m Ϫ2 would lead to a 7°C cold bias within 3 months, assuming a 30-m-thick slab ocean mixed layer. Because this is the warm season when the cold tongue is weak, this solar cloud forcing bias would cause an unrealistically promi- FIG. 12 . Scatterplots of longwave cloud forcing mean annual cycle vs solar cloud forcing mean annual cycle from buoy data in six latitudinal bands listed in Fig. 10 for all cloud types. nent and persistent cold tongue. Persistently cold SSTs along the equator (i.e., a permanent cold tongue) would be expected to have important ramifications on the seasonal cycle in the entire eastern tropical Pacific. On the other hand, in the stratus cloud deck region at 20°S solar cloud forcing bias is of the opposite sign, 18 W m Ϫ2 for NCEP2 and 19 W m Ϫ2 for ERA-40, which would tend to produce a warm bias in SST. Furthermore, the positive (warm) solar cloud bias associated with the stratus cloud deck extends northward to the equator during the cold season. Because the reanalyses have solar clear-sky radiation larger than that modeled for the 20°S buoy, their incident solar radiation is even larger than these cloud forcing deviations would suggest.
Longwave cloud forcing comparisons were better than for solar cloud forcing; deviations were typically less than 20 W m
Ϫ2
. Longwave cloud forcing appears to be too strong in the ITCZ and in the Southern Hemisphere during the warm season (February-June) for all three products. Likewise, longwave cloud forcing appears to be too weak during the cold season when a stratus cloud deck typically develops. Overall, discrepancies between the ISCCP and buoy cloud forcing are smaller than for the NWP fields. If ISCCP were used as the benchmark, similar patterns for the NWP biases would be found.
The results described here are consistent with the results found by Weare (1997) for NCEP1, by Jakob (1999) for the ECMWF 15-yr Re-Analysis and by the European Cloud Systems Study (EUROCS) GCM intercomparison (Siebesma et al. 2004) : almost all models that were tested underpredicted the cloud cover in the stratocumulus regions [in the case of Siebesma et al. (2004) , Californian stratus], while in the trade-wind region including the ITCZ, cloud cover was overpredicted. As a consequence, Siebesma et al. (2004) found that downwelling surface shortwave radiation was overpredicted by typically 60 W m Ϫ2 in the stratocumulus regimes and underpredicted by 60 W m Ϫ2 in the ITCZ and trade wind regions. Curiously, these cloud forcing discrepancies appear to be larger than those found by Weare (1997) for NCEP1. As pointed out by Roads (2003) , although the changes made between the NCEP1 and NCEP2 appeared to be minor, the resulting tropical hydrologic cycles were surprisingly differ- ent. In particular, NCEP2 tended to produce a more noticeable double ITCZ and too much precipitation closer to the equator.
It is interesting to note that these biases in surface cloud forcing are of the correct sign to account for the warm SST bias in the stratus deck region west of Peru (Mechoso et al. 1995) and the cold SST bias found at the equator in most coupled GCMs (Davey et al. 2002) . These SST biases, however, are not just due to errors in radiative effects but also involve complicated interactions with wind stress fields, turbulent air-sea heat exchanges, and mixing processes.
The in situ measurements from buoys on which the present study was based can be used to validate and assess NWP and satellite products. Linear fit polynomials for relating surface solar and longwave cloud forcing are shown in Tables 1-3 . These empirical relations can be used as a ground truth test for atmospheric models that generate their own cloud and surface radiation fields.
